Canine cyclic hematopoiesis is an autosomal recessive disease characterized by regular 11-13-d cycles of the neutrophil, reticulocyte, and platelet counts caused by a defect in regulation of marrow stem cell proliferation. Treatment with lithium abrogates cycling of the cell counts in these grey collie dogs. Aware of the defective lymphopoiesis associated with adenosine deaminase and purine nucleoside phosphorylase deficiencies, we hypothesized that abnormal purine or pyrimidine metabolism might be present in these dogs. Using high pressure liquid chromatography, we measured erythrocyte purine and pyrimidine nucleotide levels and plasma purine and pyrimidine nucleosides and bases in normal and grey collie dogs before and during lithium treatment. During neutropenic periods in the grey collies, erythrocyte ATP, GTP, and UTP levels were significantly elevated. Normal dogs made neutropenic with cyclophosphamide did not show such elevations. Lithium treatment normalized the levels of erythrocyte ATP, GTP, and UTP in the grey collies and eliminated the differences between normal and grey collie nucleotide levels. Plasma thymine levels were markedly increased during neutropenia in the grey collie but were not increased in cyclophosphamide-treated normal dogs. The finding of abnormal concentrations of purine and pyrimidine metabolites in these dogs suggest that a metabolic derangement in purine or pyrimidine metabolism may be the cause of the defective stem cell proliferation in this disease.
INTRODUCTION
Cyclic hematopoiesis in grey collie dogs is an autosomal recessive disorder in which regular 11-13-d cycles of the neutrophil count lead to severe infections and early death. The cyclic fluctuation of the neutrophil count is reproducible and is reliably associated with fluctuations in eosinophils, monocytes, lymphocytes, platelets, and reticulocytes (1) (2) (3) (4) . These periodic changes are caused by alterations in marrow cell production rates rather than alterations in rates of destruction or sequestration of cells in the circulation (2, (4) (5) (6) . Studies of granulocytic and erythroid precursor cells have shown fluctuations in these committed progenitor cell populations over the cycle of cell counts but have not explained the mechanism(s) causing cyclic hematopoiesis (7) (8) (9) (10) (11) . Bone marrow transplantation experiments have shown that this disease can be cured or transferred to a normal littermate by irradiation and marrow cell infusion, clearly implicating the marrow stem cell pool(s) as the site of the defect (12) (13) (14) . Recently we have demonstrated that lithium carbonate eliminates the severe recurrent neutropenia, smooths the fluctuations of other cell counts, and eliminates the marked cycling of neutrophilic colony-forming cells in these dogs (15, 16) .
In autosomal recessive disorders where the biochemical defect has been identified, it usually involves an enzyme protein. Drawing an analogy with the defective lymphopoiesis associated with adenosine deaminase (ADA)' (17) and purine nucleoside phosphorylase (NP) (18) deficiency, we reasoned that a similar phenomenon of abnormal purine metabolism might be present in cyclic hematopoiesis. Studies of patients with inherited immune deficiency have shown that the absence of ADA is associated with combined T and B lymphocyte dysfunction and the absence of NP is associated with a severe T cell defect and normal B cell function (19) . It is generally accepted that the accumulation of dATP in ADA deficiency and deoxy-guanosine triphosphate (dGTP) in NP deficiency contribute to the immune defects (20) (21) (22) . It is postulated that their accumulation inhibits ribonucleotide reductase, an enzyme central to the production of deoxynucleotide triphosphate precursors for DNA synthesis (23) .
These studies have emphasized that rapidly dividing lymphocytes are uniquely susceptible to defects in purine and pyrimidine metabolism that cause an imbalance in the supply of precursors for DNA synthesis. Because erythrocytes are technically easy to obtain, they have been extensively studied in our laboratory and are known to act as passive traps for circulating purines and pyrimidines that become phosphorylated in ADA and NP deficiency, we hypothesized that erythrocyte nucleotide levels would reflect such a defect. As an initial search for this kind of metabolic defect in cyclic hematopoiesis, we have therefore examined erythrocyte purine and pyrimidine nucleotide concentrations and plasma purine and pyrimidine nucleosides and bases in grey collie and normal dogs prior to and during lithium treatment.
METHODS
Dogs. Normal and grey collie dogs were housed and cared for in the animal care facility of the University of Washington as previously described (10, 11) . Blood specimens were obtained from the cephalic veins of unanesthetized dogs between 7:30 and 9:30 a.m. Blood cell counts on EDTAanticoagulated aliquots were performed by standard laboratory methods (15) . Blood specimens for nucleotide and nucleoside studies were collected in heparinized syringes and the plasma and erythrocytes were separated by centrifugation at 600 g for 10 min. The packed erythrocytes were lysed 1:1 with water and the hemoglobin determined (24) . Proteinfree extracts of plasma and hemolysates were prepared by the method of Garrett and Santi (25) in 20 min and no later than 40 min from the time of withdrawal. Erythrocyte nucleotides were standardized using the mean hemolysate hemoglobin.
Dog treatment. For studies of erythrocytes from an animal with an elevated reticulocyte count, a normal dog was phlebotomized 20% of its blood volume every other day for 8 d to reduce its hematocrit by 20% and increase its reticulocyte count fivefold. For studies of drug-induced neutropenia, three normal dogs were given cyclophosphamide (20 rng/kg, iv.) and followed through the predictable periods of neutropenia and rebound neutrophilia. For studies of lithium carbonate therapy, both normal and grey collie dogs were given the drug initially at 300 mg q.i.d.; the dosage was then adjusted to maintain a serum lithium level between 0.8 and 1.25 meq/liter, as described previously (15, 16) . During each treatment period serial specimens for blood counts as well as plasma and erythrocyte nucleoside/nucleotide studies were collected as described above.
Cycle analysis. For comparisons of data from several grey collie dogs, the first day that the neutrophil count fell below 1,000/mm3 was defined as cycle day 1; each day was then numbered sequentially until the next occurrence of a cycle day 1. Severe neutropenia usually lasted 4 to 6 d, was fol-lowed by rebound to normal or elevated levels that lasted 6-8 d, and then was followed by recurrent neutropenia.
Erythrocyte nucleotide analysis. Purine and pyrimidine nucleotides were analyzed using a Waters (Waters Associates, Inc., Milford, MA) high-pressure liquid chromatograph equipped with a dual pump system, a programable gradient maker and an ultraviolet detector set at 254 nm and 0.1 fullscale absorbance coupled to a Tcxas Instrument chart recorder (Texas Instruments, Inc., Dallas, TX) and an Autolab integrator (Spectra-Physics, San Jose, CA). The column used was a strong anion exchanger supplied by Whatman, Inc., Clifton, NJ, with dimensions 4.6 mm X 25 cm. The nucleotides were eluted by gradient elution with 7 mM KH2PO4 low strength buffer and 0.25 M KH2PO4/0.5 M KCl high strength buffer, pH 3.5, based on a modification of the method of Hartwick and Brown (26) . A nonlinear gradient was used over a 30-min period, such that the first half of the gradient was predominantly at low ionic strength followed by an exponentially increasing buffer molarity. The total nucleotide elution required -80 min. An extract derived from 60 ytl of packed erythrocytes was analyzed.
The identification of peaks was by comparison with the retention times of known standards, and confirmed by coelution when known nucleotides were added to cell extracts. Because of the high resolution and extreme reproducibility of the separations, peak identification was unambiguous. The nucleotides were quantified by comparing peak areas to those obtained from known standards. The peak areas were obtained from the Autolab integrator, and were confirmed using the formula peak height X peak width at half height.
Plasma nucleoside and base analysis. The purine and pyrimidine nucleosides and bases were determined in plasma extracts by high-pressure liquid chromatography using a Waters reverse-phase C18 column (27) . The nucleosides and bases were eluted with a linear gradient made from 10 mM KH2PO4 pH 5.3 and 80% methanol/H20. The linear gradient was for a 30-min period with 0-25% of the 80% methanol solution at a flow rate of 1.5 ml/min with the UV detector set at 254 nm and 0.05 absorbance units full-scale. The column output was also passed through a variable wavelength detector set at 280 nm 0.04 full-scale absorbance and the signals from the detectors were recorded on a dual pen Texas Instruments chart recorder. The comparison between the two wavelengths helped to differentiate the mixture of purines and pyrimidines. Peaks were identified by retention time and coelution with known standards. The peaks were quantitated using an Autolab integrator using values derived from known standards. Enzyme analysis. Separated and washed erythrocyte and leukocyte lysates were analyzed for ADA (28) and purine NP as previously described (29) .
RESULTS
Erythrocyte nucleotide levels in untreated grey collies and normal dogs. Initial studies of three normal collies and four grey collies showed striking differences in nucleotide profiles between normal collies and grey collies with zero neutrophil count. The chromatograms demonstrated marked elevations in ATP, UTP, and GTP (Fig. 1 ). Serial measurements of three grey collies showed that during each cycle of neutropenia and neutrophilia these nucleotides varied regularly. As shown for grey collie 2980 ( panel), the nucleotide levels tended to rise during neutropenia and fall to normal levels as the neutrophil count recovered. Temporal changes in nucleotides of this magnitude were not observed in five normal dogs. Nucleotides in cyclophosphamide-induced neutropenia. To demonstrate that the changes observed in the grey collies were not merely the consequence of neutropenia, we produced similar changes in neutrophil counts in three normal dogs with single doses of cyclophosphamide. The sequential levels of ATP, GTP, and PMN count following cyclophosphamide showed no apparent correlation between nucleotide levels and the fluctuation in neutrophil count (Fig. 2 , right panel).
The sequential data from grey collie 2980 and the cyclophosphamide-treated normal dog 2939 were divided into the periods of neutropenia (PMN < 1,500/ .ul) and neutrophilia (PMN > l,5OO/til), and the corresponding mean nucleotide values±SEM were compared (Table I) . This procedure was useful because it gave a within dog comparison of nucleotides, and enabled each dog to serve as its own control. For the normal dog there was no significant increase in any of the erythrocyte nucleotide levels during the period of neutropenia. Similar results were obtained from two other normal dogs treated with cyclophosphamide. For the grey collie the time of neutropenia was highly sig- .ntly correlated with increases in UTP, ATP, and levels in two normal dogs and two grey collies (GC There was no significant difference in mean lev-592 and GC 064) before and during the administration GDP and ADP during neutropenia and neutro-of lithium carbonate. For comparison, nucleotide levin the grey collie. The higher ADP and GDP els for the grey collies were averaged over two periods, in grey collie 2980 were a consistent observation corresponding to neutropenia (days 1-6) and recovery s dog, and were not observed in three other grey (days 7-13). As shown above in a different dog, UTP, s during hematopoietic cycling or in normal dogs, ATP, and GTP were elevated during neutropenia in all had nucleoside diphosphate levels similar to these grey collies (Fig. 3) . Lithium treatment of the recorded for ND 2939 (Table I ). The cause of grey collies normalized the levels of ATP and GTP and evated ADP and GDP in this one grey collie was decreased uridine 5'-triphosphate (UTP) levels towards nown. But whatever the level of nucleoside di-normal. For the lithium-treated grey collies and lithohate, no significant within dog temporal varia-ium-treated normal dogs, there were no significant were observed. differences in the nucleotide triphosphates. cleotides in lithium-treated normal and grey Nucleotide levels in normal and phlebotomized dogs. We moies1c/ iiter nDk-) ror a serieS sor xperimentis wlit: nlormil collies (NL), n = 10; grey collies during days of neutropenia (GC 1-6), n = 11; grey collies during days when neutrophil counts approached normal (GC 7-13), n = 12; grey collies during lithium treatment (GC Li), n = 12; and normal collies during lithium treatment (NL Li), n = 8. The columns represent the mean nucleotide levels and bars are standard errors of the mean. P values for all NL vs. GC 1-6 comparisons were <0.05; for all NL Li vs. GC Li were >0. 30. lected and analyzed in triplicate. At a reticulocyte level of 1.1% the ATP, GTP, and UTP levels±SD were 0.395±0.015, 0.024±0.004, and 0.010±0.002 mmol/ liter RBC, respectively, and at 6.2% reticulocytes the ATP, GTP, and UTP levels±SD were 0.327±0.025, 0.023±0.002, and 0.011±0.002 mmol/liter RBC, respectively. For level with increasing reticulocyte count, and for UTP there was an insignificant increase in level with increasing reticulocytes (P > 0.2). Plasma nucleosides and bases in normal and grey collie dogs. In preliminary surveys of purine and pyrimidine nucleosides and bases in plasma from grey collies and normal dogs marked differences were seen in thymine and thymidine while uracil and the amino acid tryptophan did not differ (Fig. 4) . A plot of sequential plasma thymine values and PMN counts for grey collie 2980 (not coincident with erythrocyte data shown above) and normal dog 2939 after a single cyclophosphamide dose is shown in Fig. 5 . The grey collie showed a greater than twofold variation in thymine over the neutrophil cycle period, with the peak occurring at the time of neutropenia and falling towards normal values with neutrophil recovery. The normal dog treated with cyclophosphamide did not show thymine variation with the decrease of PMN count to zero or the increase to normal PMN number.
The plasma levels of thymine, thymidine, and uracil for grey collies 2980, and 592, and normal dog 2939 after cyclophosphamide treatment were divided into periods corresponding to neutropenia (PMN < 1,500/ pA) and neutrophilia (PMN > 1,500/jtl). The mean val-ues±SEM are shown in Table II with the P values from their comparison. The normal dog showed no signif-icant increase in any of the pyrimidines with the fall in PMN number, whereas the grey collies displayed a significant increase in thymine during the time of neutropenia. The grey collies showed an increase in thymidine with neutropenia that is not statistically significant and, like the normal dog, showed no change in uracil level with neutrophil fluctuation.
For normal dog 3488 sampled over a 3-wk period (n = 6), the plasma values±SEM for thymine, thymidine, and uracil were 4.4±0. 22, 9. 1±0.40, and 4.7±0.25 gmol/liter, respectively. The thymine and uracil levels are comparable with those recorded in Table II for normal dog 2939 following cyclophosphamide treatment and the thymidine level is similar to that recorded for the grey collies during neutrophilia.
Enzyme assays. We have measured erythrocyte and leukocyte (buffy coat) ADA and purine NP levels in grey collie 2980 and normal dog 3488 (Table III) . The lack of ADA activity in dog erythrocytes has a precedent as the absence of other purine reutilization enzymes has been reported from the seal and eel (NP and hypoxanthine guanine phosphorylase transferase, HGPRT, respectively) (31) . The erythrocyte NP level is -0.1% that in humans and complements the lack of ADA as the product of the ADA reaction provides the major substrate for NP. The leukocyte enzyme levels are in agreement with those reported in human leukocytes (32) . perodic rise coincident with times of neutropenia and a decrease as neutrophil counts increased. In particular the triphosphates UTP, ATP, and GTP were significantly elevated during periods of neutropenia. It was shown that the variations in nucleotides were not just a consequence of neutropenia by demonstrating the absence of any cycling effect in normal dogs made neutropenic with cyclophosphamide. In these dogs there were no significant variations in erythrocyte nucleotide levels with the decrease or increase of neutrophils. Dividing the data into times of neutropenia and relative neutrophil abundance and comparing each dog with itself gave a statistical comparison appropriate to periodic variation and also enabled us to use the dog under investigation as its own control, thus excluding between dog variation from our analysis.
The probability that nucleotide cycling was caused by variation in the number of reticulocytes was investigated by phlebotomy of normal dogs. There was no increase in erythrocyte ATP or GTP with a greater than fivefold increase in reticulocyte number. For UTP there was an increase in concentration with increased reticulocyte number, but not of a magnitude to ac- (32, 46) . count for the changes in this pyrimidine nucleotide that we observed in the cycling grey collie. In grey collie dogs the reticulocytes increased about fivefold during each cycle reaching a peak value during the period of most severe neutropenia.
The virtual absence of adenosine deaminase and purine nucleoside phosphorylase from dog erythrocytes suggests that adenosine reutilization via these enzymes and hypoxanthine phosphoribosyl transferase to produce inosine 5'-monophosphate is not important, which is in contrast to human erythrocytes. Species differences in purine metabolism may also be reflected in the dissimilar ratios of ATP/ADP between dog and human erythrocytes. In dogs we have observed ATP/ ADP ratios of 1 to 2.5, whereas this ratio in human erythrocytes is between 5 and 7 (24) .
The effect of oral lithium treatment of grey collies was to lower the elevated levels of UTP, GTP, and ATP observed during neutropenia towards those present in grey collies with more normal neutrophil counts. The lithium-treated normal dogs and grey collies had similar erythrocyte nucleotide levels. This is probably not merely a consequence of the cessation of neutrophil cycling that results from lithium administration because neutrophil variation in itself does not cause changes in erythrocyte nucleotides as demonstrated by the cyclophosphamide treatment of normal dogs. The known effects of lithium are quite various and include enhanced mitosis of lymphocytes (33) , modulation of adenylate cyclase (34) , and increased granulocytopoiesis (35) . The detailed mechanism by which lithium abrogates cycling in grey collies is not known.
The analysis of grey collie dog plasma showed abnormally high concentrations of thymidine and thymine, with the latter showing a peak level at the time of neutropenia. In general, thymidine is produced from the diet and DNA breakdown, and can be further degraded to thymine or reutilized to give deoxyribosylthymine monophosphate (dTMP) (36) . The normal Canine Cyclic Hematopoiesis dogs made neutropenic with cyclophosphamide did not show elevations in plasma thymine or thymidine. This suggests that the increased catabolism of DNA following decline in neutrophil number was not the source of the excess thymine and thymidine in grey collie plasma. The metabolism of these pyrimidines in human leukocytes has been extensively reviewed (37, 38) . An enzyme abnormality could be involved in the elevated plasma thymine and thymidine. The action of phosphatase or nucleotidase activity on dTMP will produce thymidine and could be involved in its accumulation in grey collie dog plasma. The activity of alkaline phosphatase in leukocytes has been studied and is inversely related to DNA synthesis (39, 40) . Thymidine phosphorylase catalyzes the reversible interconversion of thymine and thymidine (36) and its activity is subject to modification by thymine (41) . It has been suggested that under conditions where there has been a stimulus to DNA synthesis, thymidine phosphorylase could play a regulatory role in dTMP production (38, 42) . In particular the control of thymidine phosphorylase may be dependent upon intracellular thymine concentrations (43) . Furthermore, it has recently been shown that decreased activity of thymidine phosphorylase in human leukemic cells is associated with increased sensitivity to thymine-induced growth inhibition, and increased intracellular accumulation of deoxyribosylthymine triphosphate (dTTP) (44) .
Whatever the source of the pyrimidines, their accumulation in grey collies could lead to the intracellular overproduction of dTTP, a known inhibitor of ribonucleotide reductase (23) . Studies of adenosine deaminase and purine nucleoside phosphorylase-deficient patients has implicated ribonucleotide reductase inhibition as a major cause of their defective lymphopoiesis (20) (21) (22) . Thus, inhibition of this enzyme in grey collies by an imbalance in the supply of TTP could account for their neutropenia.
Although the increased levels of purine and pyrimidine metabolites we have observed in grey collies may not seem compatible with a single enzyme defect, it is noteworthy that in human adenosine deaminase deficiency, besides elevations in adenine nucleotides, the levels of other purine and pyrimidine nucleotides were increased greater than twofold in the lymphocytes of an affected child (45) . Also, purine nucleoside phosphorylase deficiency is associated with the large overproduction of purines (20) (21) (22) .
These results have established a link between abnormal concentrations of purine and pyrimidine metabolites and cyclic hematopoiesis in grey collie dogs and enable us to hypothesize that this metabolic derangement is primarily responsible for the defective neutrophil proliferation characteristic of this disorder.
These findings suggest that studies of these purine and pyrimidine abnormalities should lead to the biochemical defect and a pathogenetic mechanism to explain hematopoietic cycling in this unusual disease.
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